-permeable cation selective channel and is involved in numerous biological functions including cell proliferation, mechanosensation and asymmetric gene expression. [3] [4] [5] Several lines of evidence have implied that PKD2 may be associated with male reproduction. 6) The homologue of PKD2 in Caenorhabditis elegans has been shown to participate in male mating behavior. 7) It has also been demonstrated that the PKD2 homologue of Drosophila melanogaster is localized to the head and tail of sperm and operates in sperm directional movements inside the female reproductive tract. 8, 9) Although PKD2 is presumed to be critical for sperm function, a specific role for it and its homologues in mammalian reproduction and sperm remains elusive.
Pkd2l2, the homologue of PKD2, is mapped to mouse chromosome 18, in band C. It encodes a protein of 621 amino acid residues called Polycystin-L2, which belongs to the PKD2 subfamily. It is predicted to have 6 to 7 putative TM domains, likely constituting an ion channel subunit. 10) Since it was cloned from mouse testis, the role of Pkd2l2 as a novel member of the PKD gene family has not been well investigated. A recent study revealed that the expression of Pkd2l2 is specific to adult mouse testis and heart by Northern blot hybridization. 10) Another study suggested that polycystin-L2 may underlie the large conductance nonselective cation channels (LCC) in the rat heart. 11) However, the basic characteristics of Pkd2l2 in mouse testis have not been reported so far. Pkd2l2 displays significant homology with PKD2 and is highly expressed in adult mouse testis, suggesting that it may execute some similar functions to PKD2 as a Ca 2ϩ -permeable cation channel involved in male reproduction. Thus, we investigated the specific events of spermatogenesis in which Pkd2l2 plays a role.
Herein, we have shown that Pkd2l2 is developmentally regulated in mouse testis and predominantly expresses in the spermatocytes and spermatids. Furthermore, a GFP fusion protein of Pkd2l2 was demonstrated to localize to the plasma membrane, and overexpression of Pkd2l2 in MDCK cells increased the intracellular calcium concentration. Taken together, our results suggested that Pkd2l2 may be involved in the mid-late phase of spermatogenesis to modulate the intracellular calcium concentration as a plasma membrane protein.
MATERIALS AND METHODS
Animals C57BL/6J mice were obtained from the Core Facility of Gene Engineered Mice, State Key Laboratory of Biotherapy and Cancer Center, West China Hospital (Chengdu, China) and maintained in a temperature-and humidity-controlled room on a 14 : 10 h (L : D, light versus dark) photoperiod. The mice had free access to food and water. Female mice were naturally mated and observed at 10 h intervals, and the time of parturition was recorded. The day of birth was designated as postnatal day 0. The study protocol conformed to "Guidelines for the Care and Use of Laboratory Animals" established by the Chinese Council on Animal Care.
Isolation of Pkd2l2 cDNA and Construction of Plasmids The coding sequence of Pkd2l2 (GenBank Accession Number: NM_016927) was amplified from total RNA of adult C57/BJ mouse testis with the One Step RT-PCR Kit (TaKaRa, Japan) using the following primers: sense primer: 5Ј-ACGGGCATAGTGGAACG-3Ј; antisense primer: 5Ј-ACGGCTG TTAGCAAAGGA-3Ј. The resulting cDNA was cloned into the pGEM RT-PCR Total RNA from testes of newborn mice at postnatal days 5, 7, 10, 14, 18, 21, 42, and adult mice were isolated using the RNA isolation kit (TaKaRa) according to the manufacturer's protocol. First-strand cDNA was synthesized from 1 mg of total RNA with an oligo-(dT) primer using SuperScript II reverse transcriptase (Invitrogen). A PCR primer pair for GAPDH (F1: 5Ј-ATTCAACGGC-ACAGTCAA-3Ј, R1: 5Ј-AAGGTGGAAGAGTGGGAGT-3Ј) was used to amplify a 729 bp fragment as an internal control. A 288 bp fragment of Pkd2l2 was amplified by primer pair F2: 5Ј-CAACTGCGAGTCCGAAAC-3Ј and R2: 5Ј-TGGT-GCCTCTGCTAATCC-3Ј. The PCR amplification profile was: 94°C for 2 min followed by 30 cycles of 94°C for 30 s, 44°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min.
Immunohistochemistry Mouse testes of postnatal day 14 and adults were dissected from C57BL/6J mice, fixed in 4% formaldehyde, embedded in paraffin, and sectioned (4 mm). The sections were deparaffined and treated with 3% cold hydrogen peroxide to quench endogenous peroxidase activity. Then sections were washed with phosphate buffered saline (PBS), incubated with 3% normal goat serum (SP-9000, Zhongshan Bio, Zhongshan, Guangdong) for 20 min, washed, and incubated with rabbit anti-polycystin-L2 polyclonal antibody (Chemicon, California, U.S.A.) at a dilution of 1 : 400 overnight at 4°C. The sections were then washed, incubated with biotinylated goat anti-rabbit IgG antibody for 30 min, washed and incubated for 30 min with avidin-biotin linked peroxidase complexes (Zhongshan Bio, SP-9000). After washing the sections were treated with streptoavidin peroxidase (Zhongshan Bio, SP-9000) for 30 min, and washed. 3,3Ј-Diaminobenzidine (DAB, Zhongshan Bio, ZL1-9031) was applied, followed by further washing in running water. The slides were then counterstained with dilute aqueous hematoxylin, dehydrated in graded alcohols, cleared in xylene and coverslipped. Testicular sections were observed and photographed with an Olympus microscope. Most specimens were stained more than three times and essentially identical results were obtained.
Cell Culture, Transient Expression HEK 293 and MDCK cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen) at 37°C with 5% CO 2 Twenty-four hours after transfection, 10 6 cells/ml were loaded with 4 mg/ml fluo-3/AM (10 mg/ml, AnaSpec) and 20% pluronic F-127 (Sigma, St. Louis, MO, U.S.A.) in cell loading medium [Hank's Buffered Salt Solution (HBSS, HyClone, U.S.A.) containing 1 mM calcium, 1 mM Mg, 1% FBS] at 37°C. After 30 min, the cells were collected by centrifugation at 400ϫg for 5 min and then resuspended in cell loading medium at a density of 2ϫ10 6 cells/ml. Fluo-3 was excited using the 488 nm laser line, and the emitted fluorescence was collected at wavelengths Ͼ505 nm. Flow cytometry (FACSAria, BD) was used to collect at least 30000 events after creating an appropriate live gate. 12) Absolute values for [Ca 2ϩ ] i were calculated according to the equation:
. F min and F max were determined by treating the cells with 10 mM EGTA or 1 mg/ml ionomycin (1 mg/ml, Alexis), respectively. The K d of Fluo-3 was assumed to be 400 nM. 13) 
RESULTS

Expression of Pkd2l2 mRNA in Developing Mouse
Testis Pkd2l2 had been proven to be highly expressed in mouse testis, 10) implying that it may be involved in spermatogenesis and the development of testicular maturation. To address this issue, we investigated the expression profile of Pkd2l2 in mouse testis at different postnatal periods during the first wave of spermatogenesis by semi-quantitative RT-PCR. We chose postnatal day 5, 7, 10, 14, 18, 21, 42, and adult as the developmental checkpoint of various spermatogenic cells. These ages correspond to the onset of different germ cells during testis development. As shown in Fig. 1 , the expression of Pkd2l2 was weakly detected in the testes from postnatal day 5 to day 10, and increased markedly at postnatal day 14, when the population of secondary spermatocytes begins to appear in the seminiferous epithelium. Furthermore, the mRNA signals increased slightly at postnatal day 18 which is coincident with the first appearance of spermatids and showed little further change until adulthood. These results indicated that Pkd2l2 is likely to be expressed in association with the secondary spermatocytes and spermatids formation. Lane 1 is the DNA marker DL2000 bought from TakaRa. Lanes 2 to 9 contain total RNA from testes of postnatal day 5, 7, 10, 14, 18, 21, 42, and adult mice. NC is the negative control. GAPDH was used as an internal control. The expression of Pkd2l2 was faintly detected at postnatal day 5 and apparently increased at postnatal day 14 to reach the adult level.
Immunohistochemical Analysis of Polycystin-L2 in Mouse Testis
To further examine the cellular localization of polycystin-L2 in mouse testis, immunohistochemistry was employed to analyze sections of the testis at postnatal day 14 and adult mice using a polyclonal antibody directed against polycystin-L2. In testis of postnatal day 14 mice, the plasma membrane of the cells in the lumen of the seminiferous tubules that corresponded to spermatocyte stages were markedly stained. However, faint signals were observed in spermatogonia that were located in the periphery of the tubules (Figs. 2A, B, C) . In adult testis, the presence of polycystin-L2 was confirmed in the plasma membrane of spermatocytes, which was distributed in the middle of the tubes. Furthermore, immunopositive signals were also detected in the plasma membrane of round spermatids, and the head and tail of elongating sperm, which were in the center of the seminiferous tubules (Figs. 2E, F, G) . In addition, we also found the weak expression of polycystin-L2 in Leyding cells but not in Sertoli cells. No specific staining was observed in testis sections of postnatal day 14 and adult mice using PBS instead of the rabbit anti-polycystin-L2 polyclonal antibody (Figs. 2D, H) . These data demonstrated that Pkd2l2 is mainly expressed during the spermatogenic process from the spermatocytes to the spermatids stage.
Subcellular Localization of the Pkd2l2 Fusion Protein
The deduced amino acid sequence of polycystin-L2 was predicted to contain six to seven putative TM domains, 10) suggesting that polycystin-L2 may function as a membrane protein. To identify the subcellular localization of polycystin-L2, we constructed the Pkd2l2-GFP fusion vector and transfected this vector into HEK 293 and MDCK cells, respectively. The parental vector pEGFP-N1 was also transfected to express green fluorescent protein (GFP) as a control. Examination of cells transfected 24 h later by a fluorescent microscope showed that GFP was detected throughout the cytoplasm (Figs. 3A, C) . The fusion protein produced by Pkd2l2-GFP was enriched in the plasma membrane of transfected HEK 293 cells (Figs. 3D, F) . The same results were obtained in MDCK cells (supplementary Fig. 1) .
Overexpression of Pkd2l2 Increased the Concentration of Intracellular Calcium Polycystin-L2 is likely to constitute an ion channel subunit like polycystin-2 which has been 1498 Vol. 31, No. 8 proven to function as a Ca 2ϩ -permeable cation selective channel. The localization of polycystin-L2 to the plasma membrane and its predominant expression in spermatocytes and spermatids caused us to suspect it would influence the intracellular calcium.
To clarify this issue, we overexpressed Pkd2l2 in MDCK cells to analyze its effect on the concentration of intracellular calcium. MDCK cells were transiently transfected with the pcDNA3.1(ϩ)-Pkd2l2 vector and the parental vector pcDNA3.1(ϩ) as a control. The overexpression of Pkd2l2 was confirmed by RT-PCR (Fig. 4A) . Twenty-four hours after transfection, the intracellular calcium concentration was measured by flow cytometry. The mean [Ca 2ϩ ] i in MDCK cells transfected with the pcDNA3.1(ϩ)-Pkd2l2 vector was 185.350Ϯ16.962 nM, which was significantly higher than the control and parental groups [76.925Ϯ7.243; 78.025Ϯ 8.818 nM] (Fig. 4B) . Overexpression of Pkd2l2 increased the concentration of intracellular calcium in MDCK cells, suggesting that this gene may play a role in regulating the intracellular calcium concentration in spermatogenesis.
DISCUSSION
To date, the attention to the role of ion channels in male reproduction has grown. Several ion channel types and/or subunits are implicated in sperm generation, maturation, and fertilization processes. Ca 2ϩ ions have been demonstrated to play important roles in regulating various sperm cell functions, including capacitation, progressive motility, hyperactivated motility as well as the acrosome reaction.
14-16) These channels include high voltage-gated calcium channels (CaV1.2, 2.1/2/3) 17) ; cyclic nucleotide-gated channels 18) ; the T-, N-, R-type, and L-type voltage operated Ca 2ϩ channels 19, 20) ; and the transient receptor potential (TRP) channel. 21) Moreover, three members of TRP channel family (Trp2, TRPC and pkd2) have been identified to be associated with sperm biological functions. 8, [21] [22] [23] In our study, we took more care about the PKD2-like proteins, which have the structural signature of 6 transmembrane domains with intracellular N-and C-termini and belong to the large superfamily of TRP cation channels.
3) Polycystin-L2, encoded by Pkd2l2, is a novel member of PKD2-like proteins with significant homology with PKD2. Importantly, Pkd2l2 has been demonstrated to mainly express in mouse testis. Therefore, considering the role of PKD2 as a calcium permeable cation channel in male mating behavior and sperm directional movements, we speculated that Pkd2l2 might be another calcium permeable channel required for male reproduction.
In this study, in order to illustrate the involvement of Pkd2l2 in spermatogenesis, we firstly detected the mRNA expression of Pkd2l2 in postnatal mouse testis. As we know, spermatogenesis occurs as a consecutive process. In developing prepubertal testis, the mitotic proliferation of spermatogonial stem cells, spermatocytes, and spermiogenesis of haploid spermatids make their initial appearances in sequential order. In mouse testis, before postnatal day 8, most seminiferous tubules contain spermatogonia and Sertoli cells. From day 8 to day 10, meiosis begins resulting in the formation of spermatocytes. On postnatal day 14, secondary spermatocytes are formed. Spermatids typically first appear after postnatal day 18. From postnatal day 18 until day 25, round spermatids increase in number and progressively differentiate to condensing spermatids. 24) Then we can presume that the specific stage of spermatogenesis at which the gene would be turned on correlates to the postnatal day when a gene is expressed. 25, 26) The results of RT-PCR showed that the expression of Pkd2l2 slightly started at the early stage of spermatogenesis (postnatal day 5), suggesting that Pkd2l2 may begin to express in spermatogonia and/or non-germ cells. Interestingly, its expression increased obviously at postnatal day 14 and sustained a high level until adult, indicating that Pkd2l2 may act in the process from secondary spermatocytes to spermatids. To further identify the cellular localization of Pkd2l2 in mouse testis, immunohistochemistry was used. We found its protein polycystin-L2 was mainly expressed in the plasma membrane of spermatocytes and round spermatids, as well as the head and tail of elongating sperm. But it also localized to the spermatogonia and Leyding cells but not in Sertoli cells. The age-dependent and stage-specific expression patterns of Pkd2l2 strongly suggested its involvement in spermatogenesis especially from secondary spermatocytes to elongating sperm formation.
Pkd2l2 encodes a protein with a putative 621-amino-acid, which had been deduced to have 6-7 TM. 10) Between the last two transmembrane domains there is an ion pore region which is important for ion transport. Through sequence analysis of this region among PKD2-like proteins, we found polycystin-L2 has significant homology with polycystin-2 here. From this analysis we inferred that Pkd2l2 might be another calcium permeable channel; but this speculation lacked experimental evidence. Consequently, we decided to examine its effect on intracellular calcium concentration. First of all, we detected the exogenous localization of Pkd2l2 in HEK 001 . brane of these cells, which was consistent with the deduced subcellular localization. These data, on the other hand, helped us to presume its function as an ion channel. Then, we used flow cytometry to detect its effect on intracellular calcium concentration. The result that overexpression of Pkd2l2 induced the increase of intracellular calcium concentration partially supported our hypothesis that Pkd2l2 might be another calcium permeable channel required for male reproduction in plasma membrane. But another possibility still exists: that is, the overexpression may induce the endoplasmic reticulum (ER) to release free calcium to the cytoplasm, leading to the increase in the concentration. However, the localization of a gene decides its function. Based on its localization to the plasma membrane, the increase of intracellular calcium concentration may mainly attribute to this channel opening in the plasma membrane. Due to its expression in the head and tail of sperm, we also presumed that Pkd2l2 might be a calcium channel implicated in fertilization, a critical step in animal reproduction. Pkd2l2 also localized to the tail of elongating sperm, so it might play some role in sperm motility. The absence of Pkd2l2 in sperm will assist us in detecting its influence on the motility of sperm and fertilization. However, further studies regarding the definite functions performed by Pkd2l2 in spermatogenesis and male reproduction are required in the future. Maybe a knockout mouse model will be generated to investigate its function in depth.
More interestingly, there have been several reports of male infertility in patients with polycystic kidney disease, [27] [28] [29] so a possible causal relation between polycystic kidney disease and male infertility may exist. Several pathogenetic mechanisms responsible for such an association are not well understood. We postulated that members of the polycystic kidney disease gene family who have been proven to be involved in male reproduction may be associated with this infertility. PKDREJ, a member of PKD gene family, which is expressed in testis had been proposed to play a role in mammalian fertilization. 30, 31) As another new member of the PKD gene family, Pkd2l2 is still mainly expressed in testis. But whether Pkd2l2 would play some role in the male infertility of patients with polycystic kidney disease is still to be clarified. Inhibitors of this family of cation channel would appeal for the development of male contraceptive agents.
In conclusion, for the first time we reveal the basic characteristics of Pkd2l2, a novel member of the PKD gene family, in mouse testis. The expression pattern of Pkd2l2 in testis is age-dependent and stage-specific. Polycystin-L2 functioned as a plasma membrane protein and may modulate the concentration of intracellular calcium to participate in the midlate stage of spermatogenesis. These data provide us with clues for further study of the potential roles of Pkd2l2 in spermatogenesis, sperm maturation, sperm motility and fertilization.
